. Both manipulations produce no effect on memory after massed training (ten training sessions with Table S1 available with this article online). Together with four additional genes verified by QPCR, 42 candidate no rest intervals). These results suggest that the memory produced in normal flies after spaced training, above memory genes resulted from these microarray experiments (see Table S1 , available with this article online). and beyond that after massed training, is critically dependent on experience-dependent transcription. We (With N ϭ 10 replicate microarray chips, the statistical power still is not high enough to eliminate false negareasoned accordingly that comparing mRNA from wildtype flies subjected to spaced versus massed training tives. Hence, larger N's with QPCR were able to detect the transcriptional responses of pum, slbo, rux, and should identify transcriptional changes specific to longterm memory. Non-specific transcriptional effects pro-CREB2, which were not found to be statistically significant again on the full-genome chip). Because of the duced by exposure to odors or foot-shock alone, for instance, are likely to be present after both spaced and false-positive and false-negative issues inherent with this genomic screening approach, we have conservamassed training and should thereby yield no differential effect.
five generations of outcrossing to a wild-type genetic background (see Experimental Procedures). Genetic complementation analysis using milord-2 and pum-FC8 (a putative null allele) [49] also confirms a role for pumilio in memory ( Figure 1A ). Like milord-2 homozygotes, milord-2/pum-FC8 heteroallelic animals exhibit defective one-day memory after spaced training. In contrast, pum-FC8/ϩ animals display one-day memory scores similar to wild-type controls. Milord-2/ϩ heterozygotes yield intermediate scores consistent with a semi-dominant effect for this allele. milord-1 and milord-2 exhibit only mild defects in initial learning (milord-1, PI ϭ 72 Ϯ 3, N ϭ 6; milord-2, PI ϭ 76 Ϯ 4, N ϭ 6; wild-type controls, PI ϭ 83 Ϯ 1, N ϭ 12).
Our original DNA microarray experiments also found expression of pum transcript(s) to be significantly higher after spaced training than massed training both immediately (t ϭ 0 hr) and 6 hr after training, the latter of which was confirmed via QPCR (see Table 1 ). Final validation of any candidate gene from our DNA microarray experiments resides in its disruption in vivo and demonstration 1A) but show relatively normal learning (norka, PI ϭ 81 Ϯ 3, N ϭ 6; krasavietz, PI ϭ 80 Ϯ 2, N ϭ 6; wild-type controls, PI ϭ 88 Ϯ 2, N ϭ 12). In krasavietz mutants, a inserted at exactly the same nucleotide position (al-P element is inserted into the first exon, most certainly though in the opposite orientation) as in pumilio bemused , yielding aberrant transcripts. In norka mutants, the P an established allele of pumilio that is known to disrupt element is inserted 5Ј of the known oskar transcription the transcription of a distinct class of pumilio transcripts unit. Northern blot analysis, however, reveals the pres-[47] and lead to increased neuronal excitability [48] . In ence of aberrant oskar transcripts in norka mutant adult addition, these particular P element insertions, and not heads (Figure 2) , which indicates that a more 5Ј exon some unknown second-site mutations, likely are reis present and, therefore, that the norka P element is sponsible for memory defects of milord-1 and milord-2 inserted in the oskar transcription unit. Our DNA microarray experiments also have identified because the memory defects persisted after at least 
Discussion
Behavioral, pharmacological, and molecular properties of simple forms of memory appear to be highly con- Tables  S1 and S2 Two copper grids were attached to either arm, while only one was 5 U per sample) for 30 min (37ЊC) and then were extracted with phenol/chloroform/iso-amyl alcohol (BRL), precipitated with ethaelectrified (60V). PIs were calculated as described above by designating the shocked T-maze arm as "CSϩ." Olfactory acuity was nol, and resuspended in DEPC-treated water. Reverse transcription reactions were performed with 2.5 G RNA per reaction with an carried out in the T-maze according to [36] . The relative avoidance of octanol versus methylcyclohexanol (delivered at the concentrations oligo dT primer and Taqman reverse transcription reagents (Applied Biosystems). PCR quantification was performed by using 10% of used during conditioning) was quantified for naïve flies. PIs were calculated as described above by arbitrarily designating one odor the above RT product per reaction on a 7700 real-time PCR machine using (Perkin Elmer) using SYBR green PCR core reagents (Applied as "CSϩ." A minimum of N ϭ 6 PIs was generated for each sensorimotor response. Sixty candidate mutant strains yielded average Biosystems) according to manufacturer's protocols. Prior to QPCR, all PCR products were verified by either restriction mapping or autoPIs Ն 90% of wild-type controls and were designated as memory mutants. Two additional strains (D0107 and D0185) yielded average mated sequencing (data not shown). Gene specific primers had the following sequences: slbo: 5Ј-CAGACTACCGATGCGAACAACA-3Ј
PIs for olfactory acuity Ͻ 75%, with those for shock reactivity still Ն 90%, of controls. These were designated olfactory mutants. In a and 5Ј-GTGCCTGAACTGGTGGTGTATCA-3Ј, pum: 5Ј-TGTAGACAT AGTCTGGGGTCCTC-3Ј and 5Ј-AAGCAACAGCCATTGGGTCCAC-3Ј, similar fashion, two strains (E3029 and E3065) were designated shock reactivity mutants.
gliotactin: 5Ј-CGCCTTCTGGAGGCAATACT-3Ј and 5Ј-GCGATCTG TAGTGGCTCCTTG-3Ј, dCREB2: 5Ј-GCAACTCGTCGGCG GCATCLearning Memory retention immediately after a single training session also 3Ј and 5Ј-CGCCGGGCCGTTGTACTTTGT-3Ј, rux: 5Ј-CCACTCTGAT TCCGCCACTG-3Ј and 5Ј-GCGTTGAATCCTCCTCGGTATC-3Ј, TBP:
was quantified in the 60 memory mutants. Average PIs were Յ 90% of controls for 10 strains (Table 1) ; we distinguished these strains 5Ј-GCGGCTGTGATTATGCGAAT and 5Ј-CATACTTTCTCGCTGCCA GTCTG-3Ј. Expression levels were normalized to Drosophila TBP as "learning" mutants rather than "memory" mutants, though the distinction is somewhat arbitrary. transcript levels. TBP was confirmed as an unchanged control by comparing in excess of 100 RNA extractions each after spaced and massed training (data not shown). All reactions were done in parallel Molecular Identification of Transposon Mutations by using at least eight independent RNA isolations for each group, Plasmid Rescue of Transposons with each RNA isolate being assayed in triplicate.
Genomic DNA was isolated from homozygous mutant flies, digested to completion with one of several possible restriction enzymes (mainly EcoRI, SacI, and XhoI), and "plasmid rescued" by using Behavioral Screen Breeding of Mutant Strains standard protocols [93] . Sequence was obtained by automated sequencing (ABI) with a primer directed against the 3Ј LTR of pGawB Transposon mutagenesis was carried out as described in [44] with minor modifications. A PGAL4 transposon or a PlacZ X-linked mutaor PlacZ (5Ј-CACTCGCACTTATTGCAAGCATACG-3Ј) and was compared to the FlyBase annotated database of Drosophila genome tor was used to generate strains "A-D" and "E," respectively, which carried homozygous, adult-viable transposon insertions somewhere sequence [94] . In every successful case (58 of 60), a unique genomic insertion site was determined (Table 1) . For the remaining two strains on the second or third chromosomes (autosomes). At maximum effort, 96 mutant strains were generated and screened each week.
(D0264 and D0851), the DNA sequences appear identical, but they corresponded entirely to sequence internal to PGAL4. ConseAfter N ϭ 5 PIs, those strains with defective memory (see below) were outcrossed for at least five generations to the parental strain, quently, a genomic insertion site(s) has not yet been identified. "Dog-Tagging" w 1118 (isoCJ1) to equilibrate genetic backgrounds and to remove any second-site mutations.
To confirm the molecular identification of each genomic insertion site and to identify each memory mutant unambiguously, we have Pavlovian Olfactory Conditioning One-to four-day-old adult flies were placed in dry food bottles the developed a rapid PCR-based method to detect the transposon insertion unique to each mutant strain. From genomic sequence night before training and were kept at 25ЊC. Environment-controlled rooms remained at a constant 25ЊC with 70% humidity, and flies around the transposon insertion site, three PCR primers were generated. The sequence of one primer corresponded to the (common) were trained/tested in the dark. During one training session, a group of approximately 100 flies was exposed consecutively to octanol 5Ј end of the transposon; the sequences of the other two primers then corresponded to genomic sequence flanking the (unique) (CSϩ) paired with footshock (US) and then to a methylcyclohexanol (CSϪ) without footshock, piped through the training chamber in an transposon insertion site. The PCR reaction then is run with all three primers. In each case, the choice of genomic primer sequences was air current. For spaced training, flies were subjected to ten training sessions with a 15-min rest interval in between each. Flies then such that fragments of two discernable sizes were PCR amplified. 
